Keywords: glaucoma retinal ganglion cell glia oxidative stress immune system aging a b s t r a c t Neurodegenerative insults and glial activation during glaucomatous neurodegeneration initiate an immune response to restore tissue homeostasis and facilitate tissue cleaning and healing. However, increasing risk factors over a chronic and cumulative period may lead to a failure in the regulation of innate and adaptive immune response pathways and represent a route for conversion of the beneficial immunity into a neuroinflammatory degenerative process contributing to disease progression. Oxidative stress developing through the pathogenic cellular processes of glaucoma, along with the aging-related component of oxidative stress, likely plays a critical role in shifting the physiological equilibrium. This review aims to provide a perspective on the complex interplay of cellular events during glaucomatous neurodegeneration by proposing a unifying scheme that integrates oxidative stress-related risk factors with the altered regulation of immune response in glaucoma.
glaucoma retinal ganglion cell glia oxidative stress immune system aging a b s t r a c t Neurodegenerative insults and glial activation during glaucomatous neurodegeneration initiate an immune response to restore tissue homeostasis and facilitate tissue cleaning and healing. However, increasing risk factors over a chronic and cumulative period may lead to a failure in the regulation of innate and adaptive immune response pathways and represent a route for conversion of the beneficial immunity into a neuroinflammatory degenerative process contributing to disease progression. Oxidative stress developing through the pathogenic cellular processes of glaucoma, along with the aging-related component of oxidative stress, likely plays a critical role in shifting the physiological equilibrium. This review aims to provide a perspective on the complex interplay of cellular events during glaucomatous neurodegeneration by proposing a unifying scheme that integrates oxidative stress-related risk factors with the altered regulation of immune response in glaucoma.
Ó 2010 Elsevier Ltd. All rights reserved.
It is today's common view that glaucoma is a multifactorial disease and many of the proposed mechanisms traditionally linked to elevated intraocular pressure (IOP)-related factors may facilitate disease progression independently from IOP elevation. Elevated IOP-related factors are well recognized to trigger initial neuronal damage through biomechanical and ischemic injury processes. However, a complex interplay of cellular events triggered by IOPrelated or -unrelated stimuli may also amplify the primary injury process and contribute to disease progression. IOP-dependent versus IOP-independent components of the glaucomatous injury are commonly thought to be determined by individual susceptibility factors related with various genetic and epigenetic parameters yet to be further identified (Weinreb and Khaw, 2004; Quigley, 2005) . Keeping the big picture of glaucoma in view, in addition to endogenous signals triggered in retinal ganglion cells (RGCs), environmental influences, particularly including neuroneglia interactions, are equally important for neuronal cell death or survival decisions. Complex cellular interactions determining the RGC fate in response to glaucomatous stress also exhibit important links to different components of the immune system (Tezel, 2009) .
The pioneering work of Rosario Hernandez on optic nerve head astrocytes has provided important impacts in the field of glaucoma research (Hernandez and Ye, 1993; Hernandez and Pena, 1997; Hernandez et al., 2008) and inspired many other studies illuminating different aspects of neuroneglia interactions in glaucomatous neurodegeneration and immune response.
Glial activation response during glaucomatous neurodegeneration
Besides intrinsic signals triggered in different subcellular compartments of RGCs, signals arisen from the microenvironment are also critically important for neuronal cell fate decisions during glaucomatous neurodegeneration. Macroglial cells, including retina and optic nerve astrocytes and retinal Müller cells, constitute the major cell type exhibiting important homeostatic interactions with RGCs. Another glial cell type, also having important impacts in glaucomatous neurodegeneration, is microglia, specialized tissue macrophages. Progressive degeneration of optic nerve axons and RGCs in human glaucoma is accompanied by chronic alterations in structural and functional characteristics of glial cells in the optic nerve head (Hernandez and Pena, 1997; Hernandez et al., 2008) and retina (Wang et al., 2002; Tezel et al., 2003) . Elevation of IOP in experimental animal models similarly results in a prominent activation response of both macroglial and microglial cells (Wang et al., 2000; Naskar et al., 2002; Lam et al., 2003; Woldemussie et al., 2004; Ju et al., 2006; Inman and Horner, 2007) .
Rosario Hernandez was the front-runner of experimental studies focused on the glial response to glaucomatous conditions. Over the past two decades, experimental studies using in vitro and in vivo models, along with the studies of human donor eyes, have substantially contributed to current understanding of the diverse roles of glial cells in glaucoma. Findings of these studies show that the high level of plasticity of glial cells allows them to rapidly respond to any homeostatic imbalance by exhibiting a phenotype commonly referred to as activated on the basis of changes in cell morphology and expression of cell markers (Hernandez and Pena, 1997; Tezel et al., 2003; Hernandez et al., 2008) . Another widely accepted outcome of these studies is that after transformation into an activated phenotype, glial cells may exhibit insufficiency or dysfunction in their normal neurosupportive abilities, thereby leading to increased vulnerability of RGCs and their axons to injury (Morgan, 2000; Neufeld and Liu, 2003; Hernandez et al., 2008; Johnson and Morrison, 2009; Tezel, 2009) .
Altered glial functions in glaucoma are supported by dramatic alterations in gene expression involved in signal transduction, cell proliferation, cellecell interaction, cell adhesion, extracellular matrix synthesis, and immune response (Johnson et al., 2000; Hernandez et al., 2002; Miyahara et al., 2003; Ahmed et al., 2004; Steele et al., 2006; Kompass et al., 2008) . Despite progress in understanding of glial responses, little is known about their distinct states or temporal sequences during the course of glaucomatous neurodegeneration (Nickells, 2007) . For example, a prominent increase in astrocyte reactivity has been detected early in the neurodegeneration process in different animal models of glaucoma. In contrast, the activation of microglia and the loss of oligodendrocytes have occurred late after large-scale neuronal loss (Son et al., 2010) . In a more recent study of experimental rat glaucoma, astrocytic dedifferentiation and proliferation, rather than reactive hypertrophy, have characterized early response in the glaucomatous optic nerve head (Johnson et al., 2010) . These early responses of astrocytes may be important for their compromised ability to provide axonal support in early disease stages. In addition to temporal and spatial alterations in glial responses, evidence also supports distinct profiles of gene expression in optic nerve head astrocyte cultures derived from human donor eyes . The population-based differences in glial responses may be related to differential susceptibility for the development and/or progression of glaucomatous neurodegeneration.
With an emphasis on the relative protection of glial cells from glaucomatous injury, chronic activation response of stressed glial cells may increase their own survival but result in a lessening of their neurosupport functions. For example, the ability of glial cells in buffering extracellular glutamate may diminish in glaucoma (Martin et al., 2002; Moreno et al., 2005) . Besides such a passive neurodestructive influence, glial cells may also be actively damaging through a range of cellular processes that promote neuronal injury.
Owing to the increased production of extracellular matrix and adhesion molecules, glial cells play important roles in remodeling of the optic nerve head in glaucoma (Hernandez, 2000) . Alterations in the biomechanical environment of the optic nerve head through tissue remodeling events may generate additional stress on axons (Downs et al., 2005) and inhibit axonal regeneration (Silver and Miller, 2004) . A complex range of glial responses in human glaucoma also includes an increased production of cell death mediators, such as TNF-a (Yan et al., 2000; Tezel et al., 2001 ) and nitric oxide (Liu and Neufeld, 2000) . Experimental evidence supports that these mediators produced by glia can be directly injurious to RGCs (Neufeld, 1999a; Yuan and Neufeld, 2000; Nakazawa et al., 2006; Tezel, 2008) .
Among diverse roles of glial cells during glaucomatous neurodegeneration as neurosupportive or neurodestructive, one is linked to their immunoregulatory functions. Given their roles in phagocytosis, glial cells, mainly including microglia, are important components of immune surveillance involved in clearing and shielding of the injured tissue (Nimmerjahn et al., 2005) . Although they act as standby cells in service of both the immune system and the neuronal tissue (Schwartz, 2003a; Ransohoff and Perry, 2009 ), microglial cells have also been associated with chronic neurodegenerative diseases (Streit, 1996; Stoll and Jander, 1999) . It remains unclear whether there is an insufficiency in the glial removal of cell debris that may create an antigenic stimulus for abnormal immune response. However, recent studies increasingly implicate glial cells as participants of neuronal injury. It is clear that the glial proinflammatory cytokines produced at increased amounts are capable of promoting RGC death signals (Tezel and Wax, 2000b) , besides signaling to immune system cells and regulating their function. With respect to their increased production of cytokines (Tezel et al., 2001) , immunomediators (Luo et al., 2010b ) and complement components (Kuehn et al., 2006; Tezel et al., 2010) , reactive glial cells appear to be well equipped candidates to participate in innate immune injury to neurons in glaucoma.
In addition to innate immune activities, glial cells are also thought to play important roles in initiation of an adaptive immune response in glaucoma (Tezel et al., 2007b) . Similar to CNS glia, retina and optic nerve head glial cells express MHC molecules and function as resident antigen-presenting cells. Not only microglial cells (Matsubara et al., 1999) , but also astrocytes express HLA-DR in human glaucoma (Yang et al., 2001b) . Recent proteomic and immunohistochemical findings also support an up-regulation of glial toll-like receptors (TLRs) in the glaucomatous human retina (Luo et al., 2010b) . Besides serving in the host defense against microbial components, specific signaling through TLRs exhibits a sensitive detection system involved in the immune response to intrinsic danger signals. In vitro studies of rat retinal microglia and astrocytes have shown that components of the glaucomatous tissue stress, including up-regulated heat shock proteins (HSPs) and oxidative stress (Tezel et al., , 2007a , can similarly stimulate innate and adaptive immune responses through the glial TLR signaling as evident by increased cytokine production and MHC class II expression of glial cells, and increased proliferation and cytokine production of co-cultured T cells (Luo et al., 2010b) . These findings support that as being local players of the immune system in the retina and optic nerve, glial cells are able to rapidly sense the tissue stress and initiate an immune response.
Another immunoregulatory function of glial cells is linked to maintaining the perivascular barrier integrity (Ransom et al., 2003; Nimmerjahn et al., 2005) . This glial function is important for securing the immune privileged status of retina and optic nerve head to protect neurons against any vision-threatening systemic effects. Cytokines produced by perivascular microglia or astrocytes (Zlokovic, 2008; Banks and Erickson, 2010; Nishioku et al., 2010) and various other glia-related alterations in the milieu may potentially contribute to a perivascular barrier dysfunction in glaucoma. For example, increased production of matrix metalloproteinases by optic nerve head astrocytes in human glaucoma (Yan et al., 2000; Agapova et al., 2001 ) may lead to degradation of the basement membrane and glia limitans consisting from astrocytic and microglial end feet. Splinter hemorrhages at the border of the optic nerve head that are commonly detected in glaucoma patients may best exemplify the weakened perivascular barrier integrity in glaucoma (Grieshaber and Flammer, 2007) . In addition to perivascular barriers, peripapillary chorioretinal atrophy zones, also commonly detected in glaucomatous eyes, exhibit another site in which the blooderetina barrier is broken. Activation and redistribution of microglia in the peripapillary chorioretinal regions in glaucomatous eyes further support the gatekeeper functions of these cells in controlling the bloodebrain barrier (Neufeld, 1999b) .
Taken together, glial cells profoundly respond to glaucomatous stress by exhibiting a chronic activation response. As discussed below, glial reactivation is commonly accepted as the hallmark of neuroinflammation in the CNS. Under normal physiological conditions, glial immunoregulatory functions do not cause an immunological imbalance and their activity may promote immune privilege rather than neurodegenerative immunity. However, in the presence of accumulating risk factors, chronic glial activation may result in a dysfunction of regulatory mechanisms, thereby leading to innate and adaptive cytotoxicity (Ransohoff and Perry, 2009) . It is hoped that therapeutic manipulation may help modify the outcome of glial response for the gain of RGCs and optic nerve axons in glaucoma (Tezel, 2009 ). An improved understanding of glial responses and functional alterations at the molecular level may offer innovative treatment options targeting glial cells so that neurodestructive consequences of the glial activation response may be selectively inhibited without compromising glial neurosupportive and homeostastic functions.
Immune system activity and diverse consequences
Evidence obtained from clinical and experimental studies over the past decade strongly supports diverse roles of the immune system in glaucoma as beneficial or destructive. An immune response is initially beneficial and necessary to restore tissue homeostasis and promote tissue cleaning, healing, and functionality without causing an autoimmune disease. As opposed to the concept that autoimmunity is a deleterious phenomenon, the intriguing view of protective autoimmunity accepts that boosting the immune activity by immunization (with the appropriate antigen, at specific timing and predetermined optimal dosing) can provide neuroprotection (Schwartz and Kipnis, 2002; Schwartz, 2003b) . Despite seemingly conflicting aspects of the immune system involvement in glaucoma, it is now commonly recognized that if there is a defect in immune response pathways due to accumulating risk factors, the physiological equilibrium may be impaired, thereby switching the beneficial immunity into an autoimmune neurodestructive process (Schwartz and Ziv, 2008; Tezel, 2009) . In view of the current knowledge summarized herein, there is an increased risk of failure in immunoregulation under glaucomatous stress conditions.
Increasing number of evidence provided by clinical studies support an abnormal activity of the immune system in glaucoma patients (Tezel and Wax, 2007) . Many patients with glaucoma exhibit increased prevalence of monoclonal gammopathy (Wax et al., 1994; Hammam et al., 2008 ) and abnormal T cell subsets (Yang et al., 2001a) similar to detected in autoimmune diseases. In addition, a recent study has detected significant alterations in Th1 and Th2 cytokine levels in the glaucomatous patient serum (Huang et al., 2010) . Ongoing studies have consistently detected increased titers of serum antibodies to various retina and optic nerve antigens which commonly include HSPs (Tezel et al., 1998; Wax et al., 1998b; Maruyama et al., 2000; Joachim et al., 2007; Tezel and Wax, 2007; Grus et al., 2008) . Following applications of the mass spectrometrybased techniques have resulted in an increasing list of antigens that are recognized by serum autoantibodies in glaucoma patients Reichelt et al., 2008; Thornton et al., 2010) . It is important to clarify that clinical studies of immune activity have initially focused on patients with normal-pressure glaucoma due to the lack of IOP-related pathogenic factors. However, not only is the distinction of such glaucoma subgroups arbitrary, but many glaucoma patients with elevated IOP may also exhibit similar findings of aberrant immune activity. In addition to primary open-angle glaucoma, a more recent study using protein macroarrays has characterized increased serum antibodies in patients with pseudoexfoliation glaucoma (Dervan et al., 2010) .
In consistence with clinical observations, growing evidence obtained from histopathological and proteomic studies of human donor tissues supports the activation of glial immunoregulation and antigen presentation functions as discussed above in the previous section. Expression of MHC class II molecules (Yang et al., 2001b) , TLRs (Luo et al., 2010b) , and different complement components (Kuehn et al., 2006; Stasi et al., 2006; Tezel et al., 2010) is up-regulated in the retina and optic nerve head of glaucomatous human eyes. There is also evidence of immunoglobulin deposition in the glaucomatous human retina (Wax et al., 1998a) . As discussed above, peripapillary chorioretinal atrophy areas (Wax et al., 1998a) and splinter hemorrhages (Grieshaber and Flammer, 2007) , both commonly detected in glaucomatous eyes, may provide a window of opportunity to contact with the systemic immune system and facilitate the access of serum autoantibodies into the retina and optic nerve head in these patients.
Findings of experimental glaucoma are also consistent with the findings of human glaucoma. Experimental studies using microarray analysis techniques have revealed a prominent up-regulation of gene expression mediating immune response in different animal models of elevated IOP-induced glaucoma (Steele et al., 2006; Johnson et al., 2007; Hernandez et al., 2008; Kompass et al., 2008; Panagis et al., 2010) . In addition to increased glial production of immunomediators and complement molecules, these animals with experimental glaucoma also exhibit increased proliferative activity of T cells and increased titers of serum antibodies to retina and optic nerve proteins (Joachim et al., 2009) . Similar findings in different experimental paradigms suggest that the immune activity reflects a native response to tissue stress and injury.
Neurons and glia normally produce immunosuppressive signals to prevent immune-mediated injury to CNS (Neumann, 2001) . Similarly, retina and optic nerve are thought to have an actively regulated immune privilege mechanism (Caspi, 2006; Forrester, 2009 ) to protect these vital tissues against damaging effects of an inflammatory immune response. Among many factors controlling the immune privilege, elimination of infiltrating reactive T cells by apoptosis is an important common pathway in preventing the development of neurodegenerative autoimmune diseases, because these cells can recruit and activate other inflammatory cells and initiate an autoimmune injury process (Bauer et al., 1998; Pender and Rist, 2001) . Despite the immune privileged status and the immunological self-tolerance to CNS, the immune system is not fully ignorant of the nervous tissue. Parallel to profound alterations in the systemic immune repertoire, there is a shift in the local milieu of the brain from immune-hostile to immune-friendly during neurodegenerative processes (Wekerle et al., 1987; Odoardi et al., 2007) . Many factors present in glaucomatous tissues may similarly create a proper environment to form an immunological synapse with T cells for antigen presentation. Glial antigenpresenting ability is increased in human glaucoma as supported by up-regulation of MHC class II molecules (Yang et al., 2001b) and increased expression of immunomediators (Luo et al., 2010b) and cytokines (Tezel et al., 2001) . Meanwhile, reactive oxygen species, production of which is amplified in human glaucoma (Tezel et al., 2007a can function as co-stimulatory molecules during antigen presentation (Tezel et al., 2007b) . Based on observations in the brain, loss of RGCs and their physiological activity during glaucomatous neurodegeneration may be particularly important in rendering these neurons recognizable by the immune system cells (Neumann, 2001) . Many other factors summarized below may also contribute to an aberrant immune activity in glaucoma.
Not only do numerous proteins exhibit increased expression in glaucoma, but also antigen exposure is increased due to neuronal injury. Obviously, dead cells represent an important source of autoantigens that can initiate an autoimmune response. The cell death process during the course of glaucomatous neurodegeneration may similarly cause tissue specific systemic autoimmunity, since apoptotic RGCs with self-antigens are phagocytosed by microglia, where they may be processed and presented to the systemic immune system. It seems critically important that besides increased protein expression and exposure, various proteins exhibit post-translational modifications in glaucoma, such as oxidation , phosphorylation , or citrullination (Bhattacharya, 2009) . By changing antigenic features of proteins, these protein modifications may also facilitate an autoimmune response. Recent observations using immunoproteomic analysis techniques support the possibility of altered antigenity in glaucomatous tissues. For example, glaucomatous patient sera react more with the glaucomatous human retinal proteins as opposed to retinal proteins obtained from non-glaucomatous control donors (Thornton et al., 2010) .
Among numerous proteins exhibiting an up-regulated expression in glaucoma, HSPs Luo et al., 2010b ) are known to be highly antigenic and have been associated with various autoimmune diseases, including neurodegenerative diseases (Young, 1992; van Noort et al., 1995) . Besides intrinsic neuroprotective abilities of intracellular HSPs, membrane-bound or extracellular HSPs after active secretion or passive release from dying neurons may serve as immunostimulatory signals. HSPs may induce cytokine production, deliver antigenic peptides to MHC class I and class II, and activate TLR signaling, thereby playing important roles in the activation of innate and adaptive immunity implicated in autoimmune diseases (van Eden et al., 2003; Calderwood et al., 2007) . Recent experimental findings support that glial TLRs can initiate immunostimulatory signaling upon binding by glaucomatous stress-related intrinsic ligands, including HSPs (Luo et al., 2010b) . In addition to TLRs, other groups of pattern recognition receptors may also be involved in the immunostimulatory signaling in glaucoma. For example, mannose-binding lectins, C-type lectins , and perhaps also C-reactive proteins (Leibovitch et al., 2005) although controversial (Su et al., 2007) , may promote innate immune activity with or without activating the complement system. Taken together, various cellular events that are triggered in response to glaucomatous stress stimuli may serve as endogenous danger/alarm signals to the immune system, thereby stimulating an immune response. However, it is currently unclear whether the immune activity evident in glaucoma patients is merely an epiphenomenon of the disease reflecting an intrinsic effort to facilitate tissue cleaning and healing, or whether it has any pathogenic impact on neuronal injury. For example, autoantibodies and complement components may serve to opsonize the toxic cell debris, thereby facilitating their phagocytic removal as a necessary step towards promoting axon regeneration (Vargas and Barres, 2007) . Nevertheless, growing evidence obtained using in vitro and in vivo models strongly suggests that any immune activity, if uncontrolled, may have destructive consequences contributing to the progression of neurodegenerative injury. In addition to innate cytotoxicity, cellular and humoral components of the adaptive immunity may also adversely affect neuronal survival. For example, autoreactive T cells may induce RGC apoptosis in culture mainly through Fas/FasL signaling (Wax et al., 2008) . Regarding humoral immunity, HSP antibodies, when exogenously applied at concentrations similar to detected in the glaucomatous patient serum, may be internalized by retinal neurons, co-localize with the native protein, and facilitate neuronal cell death in the isolated human retina (Tezel and Wax, 2000a) . Moreover, complement-mediated synapse elimination may become aberrantly reactivated in mouse glaucoma (Stevens et al., 2007) . Formation of the terminal membrane attack complex in human glaucoma (Kuehn et al., 2006; Tezel et al., 2010) may also support the possibility of collateral cell lysis by uncontrolled complement activation.
As an effort to better determine the pathogenic importance of immune system activity in glaucoma, ongoing research aims to produce animal models. Although many aspects remain unclear, initial findings of these studies support that the immunization of rats with HSPs can induce RGC loss in a topographically-specific pattern resembling human glaucoma (Wax et al., 2008) . Immunogenic neuronal injury may also be induced by adoptive transfer using a rat model of experimental glaucoma ). An interesting common observation of these studies using HSP immunization (Wax et al., 2008) or adoptive transfer is an early and transient T cell infiltration into the retina and optic nerve head.
Seemingly contrary to observations in animal models, virtually no T cell invasion is evident in the glaucomatous human retina or optic nerve. Although previous studies have not specifically focused on T cell infiltration using the necessary labeling techniques, it should be emphasized that the lack of observations supporting a parenchymal T cell invasion in glaucomatous tissues is not a good argument against a pathogenic role of immune activity. This is because T cell invasion is a brief temporary event. However, depending on the nature of T cells, functional status of antigenpresenting cells, and the existing set of cytokines, chemokines and co-stimulatory molecules, even a small number of T cells can be sufficient to induce a massive cascade of events leading to neurodegenerative injury (Wekerle et al., 1987; Odoardi et al., 2007 ). An immune-mediated component of the neurodegenerative injury in glaucoma is supported by a recent study that using immune deficient Rag1 knockout mice which lack mature B-and T-lymphocytes has provided robust neuroprotection when compared to wild-type controls in a mouse model of experimental glaucoma (McKinnon et al., 2010) .
It is also important to highlight that despite the lack of clear evidence supporting classical hallmarks of inflammation in human glaucoma, continuous glial activation in the glaucomatous retina and optic nerve head may be sufficient to indicate an ongoing neuroinflammatory process. Such an adaptive response to tissue stress has been referred to as "para-inflammation" and implicated to contribute to the initiation and progression of aging-related neurodegenerative diseases (Medzhitov, 2008; Xu et al., 2009 ). This type of inflammatory response that is intermediate between the basal homeostatic state and a classic inflammatory response is likely to be more common but of lower magnitude. While the physiological purpose of para-inflammation is to restore tissue homeostasis and functionality, it may become chronic or turn into overt destructive inflammation if tissue stress or cellular dysfunction persists for a sustained period (Medzhitov, 2008; Xu et al., 2009) .
Thus, despite limited evidence to support a definite pathogenic role for autoimmunity in glaucoma, current knowledge agrees with the neurodegenerative potential of uncontrolled immune activity. Present evidence collectively supports that innate immune cells, autoreactive T cells, autoantibodies, and excess complement attack all are potent stimuli to harm RGC somas, axons, and synapses Wax, 2004, 2007; Wax and Tezel, 2009 ). The risk of developing autoimmune injury seemingly depends on co-existing risk factors, which include aging, chronic tissue stress and injury, efficiency of tissue cleaning, activity status of resident and systemic immune cells, and the ability to inhibit or activate T cell entry and activation. With an emphasis on the present evidence of such risk factors in glaucoma, a neurodegenerative process may possibly be stimulated through bystander autoreactive T cell activation as opposed to induction of regulatory T cells and protective immunity.
As discussed in the next section, oxidative stress appears to be particularly important for fine tuning of the homoeostatic balance in glaucoma. Once the regulation of immune activity in glaucoma is better understood, immunomodulatory treatment strategies can be designed to manipulate the immune response towards enhanced tissue repair and function, while avoiding an autoimmune neurodegenerative injury.
3. Glaucoma-related and aging-related oxidative stress A number of cellular events triggered during glaucomatous neurodegeneration may result in conditions of oxidative stress when amplified production of reactive oxygen species exceeds antioxidant defenses (Ko et al., 2005) . Oxidative stress, due to mitochondrial dysfunction (Tezel and Yang, 2004; Osborne, 2010) and perhaps also other mechanisms, has long been linked to pathogenic mechanisms by which elevated IOP-related or -unrelated factors result in the neurodegenerative injury to RGCs and their axons in glaucoma (Levin, 1999; Osborne, 2008; Kong et al., 2009 ). Oxidative stress is intimately linked with an integrated series of cellular phenomena, which all seem to contribute to further progression of glaucomatous neurodegeneration. For example, oxidative stress leads to oxidative damage to cellular macromolecules, such as DNA, proteins and lipids, and impairs the cellular redox balance . Oxidative stress may also trigger intracellular signaling pathways by acting as a second messenger and modulating protein function by redox modifications of downstream effectors (Tezel, 2006) . Ongoing studies focused on the immunogenic aspects of glaucoma support that oxidative stress is also linked to immunostimulatory signaling as discussed in the next section (Tezel, 2009) .
Although neurons are prone to build up oxidative stress as implicated in many neurodegenerative diseases, there is also an aging-related component of the oxidative stress. While oxidative stress increases in aging brain, the intrinsic ability of cells to respond to oxidative damage declines with increasing age. Consequently, increased accumulation of reactive oxygen and nitrogen species produced from endogenous metabolic pathways is a main cause for the reduced ability of neurons to cope with stressful conditions in the elderly. Similarly, aging is a well recognized risk factor for the initiation and progression of glaucomatous neurodegeneration (Gordon et al., 2002; Broman et al., 2008) . In addition to an aging-related decline in optic nerve axon counts and function (Mikelberg et al., 1989; Repka and Quigley, 1989; Jonas et al., 1992) , experimental studies using animal models of glaucoma also demonstrate increased susceptibility to neuronal injury with aging (Wang et al., 2007) . Thus, oxidative stress developing through the pathogenic cellular processes of glaucoma appears to be amplified by the aging-related oxidative stress. Enhanced accumulation of advanced glycation end-products (AGEs) in the glaucomatous retina and optic nerve head supports an accelerated aging process in glaucomatous eyes (Tezel et al., 2007a) .
Parallel to aging-related loss of neurons, glial cells exhibit remarkable alterations with increasing age. For example, agingrelated alterations in glial extracellular matrix production (Hernandez et al., 1989) and biomechanics (Burgoyne and Downs, 2008) have been proposed to account for the clinical behavior and increased susceptibility of the aged optic nerve head to glaucomatous damage. Existing evidence also supports the aging-related deterioration of microglia with implications for neurodegenerative diseases. Besides aging-related alterations in cytokine and chemokine profiles, growth factor production, and complement activation, the aging process also adversely affects the cellular viability and self-renewal capacity resulting in the generation of dysfunctional microglia (Streit, 2006) .
Aging can also cause a decline in immunocompetence and impair functional interactions that occur between the brain and the immune system. Aging of the immune system, referred to as immunosenescence, appears to be closely related to chronic stress-related factors, mainly including the oxidative stress. The immune system cells show an increase in oxidant and inflammatory compounds and a parallel decrease in antioxidant defenses with aging (Bauer et al., 2009; Maue et al., 2009; Panda et al., 2009) . Oxidative stress and accumulation of oxidation products are considered to be major factors serving as local triggers for retinal para-inflammatory responses with aging and have been associated with the pathogenesis of aging-related retinal diseases (Xu et al., 2009 ). Paradoxically to this low-grade chronic inflammation, there is an aging-related decline in immune functions as characterized by a decrease in cellmediated and humoral immune functions (Bauer et al., 2009; Maue et al., 2009; Panda et al., 2009 ). This aging-related impairment is thought to cause increased vulnerability to infection, cancer, and autoimmune diseases with aging. One of the key roles of oxidative stress in cell aging mechanisms is dampening the telomerase activity leading to telomere shortening. Since the adaptive immune response relies on the ability of lymphocytes to undergo periodic massive expansion, aging-related decline in immune functions has been linked to critical roles of telomeres and telomerase in T cell differentiation and function (Kaszubowska, 2008) . Despite seemingly contradicting aspects of the aging-related alterations in immune response, such as para-inflammation versus impaired immune functions, cumulative deterioration of regulatory mechanisms and functional interactions between the neurons, glia, and immune system cells during aging appear to be critically important. Potential mechanisms that contribute to increased autoimmune and/or inflammatory responses with aging include epigenetic alterations, especially DNA methylation and histone acetylation (Yung and Julius, 2008; Agrawal et al., 2010) .
Thus, oxidative stress besides cellular senescence is a major factor affecting normal cellular processes in the elderly, thereby leading to a cumulative deterioration with aging. Standing the hypothesis that oxidative stress favors immune processes inducing autoimmune and/or inflammatory diseases, glaucomatous tissue stress along with the aging-related factors may lead to the loss of physiological homeostasis and create an environment that is permissive to immunogenic neurodegenerative injury.
Oxidative stress and altered regulation of immune response in glaucoma
Experimental studies aiming to illuminate immunogenic aspects of glaucoma support that besides inducing neuronal injury, oxidative stress-related events may also alter the regulation of immune response in many different ways. One of these events is oxidative protein modifications as detected by proteomic analysis of the retina in experimental glaucoma . Oxidation may change the antigenic features of these proteins, thereby serving as an immunostimulatory signal during glaucomatous neurodegeneration. Rosario Hernandez's work has indicated that during the transition of quiescent astrocytes to reactive phenotype altered astrocyte homeostatic functions include the release of antioxidant enzymes to counteract the cytotoxic effects of oxidative stress (Malone and Hernandez, 2007; Hernandez et al., 2008) . Despite the activation of antioxidant mechanisms; however, not only RGCs, but also glial cells exhibit the evidence of protein and lipid oxidation in experimental glaucoma Govindarajan et al., 2009) . Thus, in addition to increasing antigenity, oxidative modifications may also affect the neurosupportive and immunoregulatory functions of glial cells.
Oxidized proteins, lipids, and DNA become para-inflammatory stimuli and signal to resident immune cells, mainly including microglia, to initiate an innate immune response (Xu et al., 2009) . With enhanced scavenger functions, microglial cells are able to remove oxidation products by phagocytosis. In the meantime, they may release growth factors and cytokines to promote tissue healing (Schwartz, 2003a; Ransohoff and Perry, 2009) . This is in the same notion proposed for regulatory T cells (Schwartz and Kipnis, 2002) . However, if oxidative stress reaches to a certain level, the physiological homeostasis may be impaired, thereby evolving into an injury process. In this case, initial glial response expands and leads to increased production of pro-inflammatory cytokines. Relevant to human glaucoma, TNF-a is a major pro-inflammatory cytokine regulated by a redox-sensitive transcription factor, nuclear factorkappa-B (Tezel et al., 2001) . Another consequence of this cascade of events is the induction of inflammatory enzymes, such as inducible nitric oxide synthase and cyclooxygenase-2, also evident in human glaucoma (Neufeld et al., 1997; Liu and Neufeld, 2000) .
Complement activation constitutes another important component of the innate immune activities detected in glaucomatous Fig. 1 . Elevated intraocular pressure (IOP)-related factors play an important role in initiation and progression of glaucomatous neurodegeneration. The immune system responds to glaucomatous tissue stress and injury as an intrinsic effort to facilitate tissue cleaning and healing. However, if there is a failure in the regulation of immune response due to accumulation of risk factors, the protective immunity may turn into a neurodegenerative process contributing to disease progression. Fig. 2 . Elevated intraocular pressure (IOP)-related factors can initiate neurodegenerative injury in glaucoma, but also trigger various cellular events. A complex interplay of these events, which exhibits important links to oxidative stress, may amplify the primary injury process and contribute to the progression of neurodegeneration. IOP-dependent versus IOP-independent components of the neurodegenerative injury is determined by individual susceptibility factors yet to be fully identified.
human donor eyes (Kuehn et al., 2006; Stasi et al., 2006; Tezel et al., 2010) . Although complement activation serves as a tissue cleaning process, uncontrolled complement activation may also accelerate the neurodegenerative injury through cell lysis. Interestingly, oxidative stress has recently been shown to also modulate complement regulation by down-regulating an important complement regulatory molecule .
Other consequences of oxidative stress facilitating an aberrant immune activity in glaucoma include the augmented generation of AGEs through oxidative stress-dependent processes (Tezel et al., 2007a) . AGEs may act as persistent antigenic stimulus and also be immunostimulatory through a specific receptor (RAGE)-mediated signaling that leads to pro-inflammatory cytokine production (Lin, 2006) . Finally, oxidative stress that provides a common trigger for many downstream pathways compromising the perivascular barrier function (Pun et al., 2009 ) may similarly affect blood vessels in human glaucoma (Feilchenfeld et al., 2008) .
Regarding the role of oxidative stress in adaptive immune responses, a recent in vitro study has revealed that oxidative stress stimulates antigen presentation to T cells by up-regulating glial MHC class II expression and cytokine production. Findings of this experimental study also support that reactive oxygen species act as co-stimulatory molecules during antigen presentation (Tezel et al., 2007b) . In addition, up-regulated expression of glial TLRs and specific signaling molecules in the glaucomatous human retina supports their involvement in innate and adaptive immune responses in glaucoma. Based on in vitro findings, oxidation products similar to stress proteins may function as intrinsic ligands of the TLR signaling in glaucoma, thereby leading to T cell stimulation (Luo et al., 2010b) . Ongoing experimental studies provide supportive evidence that the immunoreactivity of the glaucomatous patient sera against oxidatively stressed retinal cell culture proteins is greater than the immunoreactivity of the same sera to control retinal proteins (Luo et al., 2010a) .
Concluding remarks
There is no doubt that the immune system functions for neuronal maintenance and repair. But, alterations in the immune system regulation due to accumulating risk factors may shift the physiological equilibrium and switch the protective immunity into a neuroinflammatory degenerative process over a chronic and cumulative period (Fig. 1) . Oxidative stress developing through the pathogenic cellular processes of glaucoma, along with the agingrelated oxidative stress, appears to contribute to altered regulation of immune response in glaucoma.
Thus, elevated IOP-related factors can initiate neurodegenerative injury in glaucomatous eyes, but seems to be only a small aspect of the big picture. A complex interplay of cellular events, including glial activation/dysfunction, mitochondrial dysfunction/ oxidative stress, and immune response, may also amplify the primary injury process and contribute to disease progression. Oxidative stress is a major component of this cycle of cellular events. IOP-dependent versus IOP-independent components of these injurious events are likely determined by a number of individual susceptibility factors (Fig. 2) . Future studies should determine whether therapeutic inhibition of oxidative stress may act to break the cycle of events leading to neurodegenerative injury in glaucoma.
In summary, the proposed unifying scheme of multiple cellular processes integrates different risk factors, including neurodegenerative insults, glial activation response, aging, and oxidative stress, with the altered regulation of immune response in glaucoma. Based on the view that alterations in the regulation of immune response have important impacts in glaucomatous neurodegeneration, an improved understanding of the regulatory mechanisms can help therapeutic modulation of the immune response to restore tissue homeostasis in the retina and optic nerve. Ongoing studies with the advent of refined experimental models and emerging sophisticated analysis techniques promise to expand the current knowledge and offer new treatment possibilities for glaucoma patients.
